In this paper, energy levels, radiative rates and lifetimes are reported for 11 F-like ions with 12 ≤ Z ≤ 23. Up to 198 levels (depending on the ion) have been considered which include 113 of the 2s 2 2p 5 , 2s2p 6 , 2s 2 2p 4 3ℓ, 2s2p 5 3ℓ, and 2p 6 3ℓ configurations. The general-purpose relativistic atomic structure package (grasp) and the flexible atomic code (fac) have been adopted for calculating the energy levels, but the grasp alone for the remaining parameters. Radiative rates (along with oscillator strengths and line strengths) are listed for all E1, E2, M1, and M2 transitions of the ions.
Introduction
F-like ions have been of interest for the diagnostics and modelling of astrophysical and fusion plasmas for which information about atomic data are required, particularly for energy levels, radiative rates and collision strengths. The first major study for these ions was undertaken by Sampson et al. [1] , who performed calculations for a wide range of F-like ions with 22 ≤ Z ≤ 92 by using their Dirac-Fock-Slater (DFS) code. However, to economise space they reported only limited results, and for only a few ions, for energy levels, oscillator strengths (f-values) and collision strengths (Ω).
Since these data are too limited for applications, several workers after them have performed (more accurate) calculations for a variety of atomic parameters, but only for a section of these ions. For example, during the past one decade in a series of papers [2] [3] [4] [5] [6] [7] [8] , we have reported energy levels, radiative rates (A-values), oscillator strengths (f-values), line strengths (S-values), and lifetimes (τ ) for F-like ions with 36 ≤ Z ≤ 74. Similarly, Si et al. [9] and Li et al. [10] have reported data for ions with 24 ≤ Z ≤ 30 and 31 ≤ Z ≤ 35, respectively. Since their data are of comparable high accuracy there is no (real) need to revisit these ions. Therefore, in this paper we list our results for further 11 ions with 12 ≤ Z ≤ 23.
As in the past, for our calculations we employ the general-purpose relativistic atomic structure package (grasp) code [11] . However, this original version (referred to as GRASP0) has been extensively modified by (one of the authors) P. H. Norrington, and is available at the website http://amdpp.phys.strath.ac.uk/UK APAP/codes.html. Since the ions considered in this paper are comparatively lighter, a much larger CI (configuration interaction) has been considered than in the earlier works [2] [3] [4] [5] [6] [7] [8] . In fact, for ions towards the neutral end a much (much) larger CI is required to improve accuracy of calculations and to obtain a better match with measurements, particularly for energy levels. To achieve this aim, calculations have also been performed with the flexible atomic code (FAC) of Gu [12] .
Earlier work for F-like ions with 12 ≤ Z ≤ 23 has mainly been performed by Gu [13] and Jönsson et al. [14] . Gu [13] combined CI with many-body perturbation theory (MBPT) approach in FAC and calculated energies, but only for the lowest three levels. For the same three levels, later on Jönsson et al. [14] reported energies and A-values for which they adopted the revised version of the GRASP code [15] , but included a very large CI in the calculations. In spite of the high accuracy of their calculations, the reported data are too limited for applications. Nevertheless, Froese Fischer and Tachiev [16] have already reported a larger amount of data among 60 levels of the 2s 2 2p 5 , 2s2p 6 and 2s 2 2p 4 3ℓ
configurations of F-like ions with 9 ≤ Z ≤ 22, for which they adopted the multi-configuration Hartree-Fock (MCHF)
code, included relativistic effects through Breit-Pauli Hamiltonian and considered a large CI. Their calculations are (probably) the most accurate available todate because discrepancies with the measured energy levels are insignificant.
Therefore, our aim is not to improve upon their work but to extend it to higher levels, particularly those of the 2s2p 5 3ℓ
and 2p 6 3ℓ configurations.
Energy levels
In our calculations with GRASP, for the optimisation of the orbitals we have used the option of 'extended average level' (EAL), in which a weighted (proportional to 2j+1) trace of the Hamiltonian matrix is minimised. The contributions of Breit and quantum electrodynamic effects (QED) are also included, although these are (comparatively) more important for the heavier ions. Calculations for energy levels and subsequent other parameters have been performed for up to 833 levels of 62 configurations, namely 2s 2 2p 5 , 2s2p 6 , 2s 2 2p 4 nℓ, 2s2p 5 nℓ, and 2p 6 nℓ, where n ≤ 7 and ℓ ≤ f for n = 6 and 7.
In our earlier works [2] [3] [4] [5] [6] [7] [8] only 38 configurations up to n = 5 were considered which gave rise to a maximum of 501 levels, and were sufficient for accurate determination of energy levels. Therefore, the present work is a significant enhancement over the earlier one(s) for heavier ions, and further increase of CI is not possible with our version of the code.
As has already been stated that CI is very important for the ions under consideration here, we have therefore performed analogous calculations with FAC. This code is freely available at the website https://www-amdis.iaea.org/FAC/, is fully relativistic as others are, and in most instances yields energy levels of comparable accuracy. Additionally, it has an advantage of efficiency and a (very) very large CI can be included with ease in the calculations. Therefore, we have performed a series of calculations by gradually increasing CI, and our final one includes 1 70 649 levels (or configuration state functions, CSF) arising from all possible combinations of the 2*7, 2*6 n*1 (n ≤ 13), 2*5 n*2 (n ≤ 5), 2*5 3*1 n*1 (n ≤ 13), and 2*5 4*1 5*1 configurations. These large calculations have fully stretched our computational resources and are significantly larger than those considered in earlier works, which included only up to 72 259 CSFs of the n ≤ 5 configurations.
Our earlier works on F-like ions [2] [3] [4] [5] [6] [7] [8] focussed on 113 levels of the 2s 2 2p 5 , 2s2p 6 , 2s 2 2p 4 3ℓ, 2s2p 5 3ℓ, and 2p 6 3ℓ (11) configurations. However, for the heavier ions considered earlier, in most cases these levels were the lowest in energy whereas for the present ones there is a mixing with those from others, particularly of 2s 2 2p 4 4ℓ. For this reason, the number of levels considered vary from ion to ion (121 for Mg IV but 198 for V XV), and the suitable cut-off implemented is the stage at which levels of the n = 5 configurations start appearing.
In Tables 1-11 we list our energy levels from both GRASP and FAC calculations along with the measured values assessed, compiled and recommended by the NIST (National Institute of Standards and Technology) team [17] , and also available at the website http://www.nist.gov/pml/data/asd.cfm. Also included in these tables are the results from the MCHF calculations of Froese Fischer and Tachiev [16] , but only for the lowest 60 levels. It may be noted that the results for Sc XIII are not included here (or in subsequent tables), because these have already been discussed in a separate paper [18] . Finally, as already stated and demonstrated in earlier works, with the inclusion of same CI there are no appreciable discrepancies in energies (for most of the levels) obtained from the GRASP and FAC codes. Therefore, whatever the differences in energies from these two codes we notice in these tables are mainly because of the distinctly different levels of CI included.
Before we discuss our results in detail, we would like to emphasize that the level designations provided in Tables 1-11 may not always be unambiguous, because about a dozen levels are highly mixed for each ion. Often mixing coefficient from a particular level/configuration dominates in two levels. Although this is a general atomic structure problem, irrespective of the code adopted, we have tried to provide a unique designation for each level, but that may change with other calculations and/or workers. Therefore, only the J π values should be considered to be (more) definitive.
Mg IV
NIST energies are available for many levels, including the higher ones, but not all, whereas the MCHF calculations of Froese Fischer and Tachiev [16] are for the lowest 58 alone. Orderings in both GRASP and MCHF calculations is compatible for most levels, and some minor differences are for only a few, such as 39-45 in Table 1 . However, for almost all levels the orderings are compatible between NIST and MCHF, and practically there are no discrepancies in magnitude either. On the other hand, our energies obtained from the GRASP code differ by up to 0.16 Ryd, for most levels. Only for level 3 (2s2p 6 2 S 1/2 ) the GRASP energy is higher, but is lower than all others listed in Table 1 . Although such differences amount to a maximum of ∼5%, there is a clear scope for improvement, particularly when the MCHF energies fully match with those of NIST. Since we have limitations with the GRASP code, our FAC energies (obtained with much larger CI) are clearly more accurate, and the discrepancies with those of NIST or MCHF are negligible for most levels, except for 3 (3, 29 and 30) for which the differences are below 0.1 Ryd. Based on the comparisons shown in Table 1 and discussed above, we may confidently state that our energies from FAC for all levels are as accurate as those of MCHF are for the lower ones, and can therefore be reliably employed in any modelling application.
Al V to K XI
For these ions the analysis of results and the conclusions drawn are similar to those for Mg IV, i.e. the MCHF energies are closest to those of NIST and there are no major discrepancies with those from FAC, but the ones from GRASP are comparatively less accurate. However, there are some minor differences also. For example, the MCHF energies are not always for the lowest levels because there is a mixing from higher ones -see for example, levels 59 to 61 in Table 2 for Al V. Similarly, in a few instances the orderings of the MCHF energies slightly differ with those of NIST -see for example, 20-22 in Table 2 . Finally, the number of levels for which the NIST energies are available for these ions are often much less(er) than those for Mg IV.
Ca XII and Ti XIV
For these two ions also the differences and/or similarities among different sets of energies listed in Tables 9 and 10 
V XV
For this ion, Froese Fischer and Tachiev [16] have not calculated energies, but Jupén et al. [19] have with the HartreeFock relativistic (HFR) code of Cowan [20] , and therefore their results are included in Therefore, these two (and a few more) levels are inter-changeable in designation, as already stated.
Radiative rates
Apart from energy levels, data are required for A-values, and preferably for four types of transitions, namely electric dipole (E1), magnetic dipole (M1), electric quadrupole (E2), and magnetic quadrupole (M2). These results are useful for the further calculations of lifetimes as well as for plasma modelling. Our calculated results with the grasp code are listed in Tables 12-22 or Coulomb and Babushkin, respectively. In a perfectly accurate calculation both forms (or gauges) are expected to provide comparable results with their ratio (R) being close(r) to unity. However, in reality this mostly applies to strong allowed transitions and the weak(er) ones with small f-values may differ substantially. Therefore, we have also listed R in these tables for all E1 transitions, which are not only dominant but also the most important in any calculation.
Corresponding results for E2, M1 and M2 transitions are also listed, but only for the A-values, because data for f-or S-values can be easily obtained using Eqs.
(1-5) given in [2] . The indices used in these tables to represent the lower and upper levels of a transition correspond to those defined in Tables 1-11 . Furthermore, for brevity only transitions from the lowest 3 to higher excited levels are listed in Tables 12-22 , but full tables in the ASCII format are available online in the electronic version.
In Table A we compare our A-values from GRASP with those of Froese Fischer and Tachiev [16] with MCHF for some E1 transitions (from lowest 3 to up to J = 30) for three ions, namely Mg IV, Cl IX and Ti XIV. Also included in this table are our f-values from GRASP to give an idea about the strength of a transition. This comparison, although limited, will give sufficient idea about the (dis)agreements between the two calculations and hence some assessment of accuracy. Most of these transitions are weak with f < 0.1 and therefore the differences between the two independent calculations are up to a factor of two -see for example the 3-13 transition of all ions. Weak transitions are highly variable in magnitude with differing amount of CI (and/or methods/codes) and such differences are therefore quite normal for any ion. However, there are three transitions (1-3, 1-7 and 2-3) of Mg IV which have comparatively larger (but not much) f-value of ∼0.1 and differences between the two calculations are of ∼50% for two of these, i.e. 1-3 and 2-3. Again, such differences are not surprising as even for much stronger ones it happens with differing amount of CI and/or methods as demonstrated and discussed earlier for Mg-like ions [21] . A criterion often used (but never fully satisfactory or conclusively reliable) to assess the accuracy of A-values is to compare R, the ratio of velocity and length forms of a transition. For Mg IV, there are 181 E1 transitions with f ≥ 0.1, and most of these have R within 20% of unity. There are only 10 transitions which have a larger R, but only up to 1.5, and some include those listed in Table A . Therefore, we may state with confidence that a majority of (strong) E1 transitions listed in Tables 12-22 are accurate to about 20%. Another conclusion we may draw is that some small differences between the theoretical and experimental energy levels do not greatly affect the accuracy of A-values. However, this conclusion is fairly well known and is not new. Finally, we discuss below the lifetimes which will throw more analysis about the accuracy of our A-values, but before that we discuss the other types of transitions, i.e. E2, M1 and M2.
For a majority of transitions for any ion the f-values for E2, M1 and M2 transitions are generally (several orders of magnitude) smaller than for E1, but are desirable for considering a complete model in an analysis as well as for the calculations of lifetimes. Very limited data for such transitions are provided by Froese Fischer and Tachiev [16] and Jönsson et al. [14] , but in Table B we make comparisons for 1-2 M1 and 1-2 E2 which are common among all calculations. As expected and also noted for other F-like ions earlier, there are no discrepancies among different sets of
A-values, and this provides further confidence in the assessed accuracy of our listed results.
Lifetimes
The lifetime τ (s) of a level j is calculated as 1.0/Σ i A ji where the summation runs over all types of transitions, although the E1 are normally the most dominant in magnitude, and hence more important in its determination. Since τ is a measurable quantity, it provides a check on the accuracy of calculations, but no experiments have yet been performed for transitions/levels of F-like ions of present interest. However, Froese Fischer and Tachiev [16] have reported τ and therefore in Tables 1-11 we have included their results along with ours to facilitate a direct comparison. For most levels there are no discrepancies between the two calculations and the differences (if any) are within ∼20%. However, for a few levels the discrepancies are rather large, up to 50%, see for example levels 29/30 and 41/43 of Mg IV in for τ is also the same, i.e. ∼20%, for most levels.
Conclusions
In Combined with our earlier results [2] [3] [4] [5] [6] [7] [8] 18] , along with those of Si et al. [9] and Li et al. [10] , the present work completes data for all F-like ions with Z ≤ 74. These works include a larger number of levels than generally available in the literature, are comparatively more accurate, and hence can be confidently and reliably applied in the diagnostics and modelling of a variety of plasmas, including astrophysical and fusion.
Appendix A. Supplementary data
Owing to space limitations, only parts of Tables 12-22 are presented here, but full tables are being made available as supplemental material in conjunction with the electronic publication of this work. Supplementary data associated with this article can be found, in the online version, at doi:nn.nnnn/j.adt.2019.nn.nnn. Table 12 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Mg IV. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
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